Abstract-In present scenario, this paper intends to demonstrate the practicality of a miniaturized coplanar waveguide fed metamaterial inspired antenna that can be effectively operated at dual bands. A broad-side coupled Split Ring Resonator is used to obtain dual bands with an impedance bandwidth (−10 dB) of 840 MHz (3.00-3.84 GHz) and 310 MHz (5.94-6.25 GHz), which resonates at dual bands, viz., 3.42 GHz and 6.07 GHz. The impedance bandwidth (S 11 < −10 dB) is 25% for the first band and 5.1% for the second band. The size of the antenna is 31×25×1.6 mm 3 realized on a low-cost FR-4 Epoxy substrate. This antenna can be effectively utilized in worldwide interoperability for microwave access (WiMAX) and wireless access in vehicular environments (WAVE) applications. The prototype of the proposed antenna is fabricated and measured. Simulated and measured results are in agreeing nature. Experimental and simulated analyses of the antenna including parametric and dispersion characteristics are dealt in this communication.
INTRODUCTION
An exponential growth in the field of communication has created a mandate for multi-band antennas for various wireless communication applications in a single system. Electromagnetic metamaterials are homogeneous artificially engineered structures derived from sub-wavelength configuration instead of composite materials [1] . Owing to unusual property, they exhibit negative refractive index, reverse of Snell's law and Doppler effect. These materials are either single negative with alternatives ε-negative [ENG] and μ-negative [MNG] , or double negative [DNG] [2] .
Split-ring resonator (SRR) and complementary split-ring resonator (CSRR) are the two popular fundamental structures of metamaterials which offer negative permeability and negative permittivity [1] [2] [3] . SRR comprises two concentric metallic rings with splits at opposite sides and is one of the essential elements for creating metamaterial property. This structure can be available in Broad-side Coupled (BC-SRR) or Edge-Coupled (EC)-SRR as shown in the Figures 1(a) and (b), respectively. The EC-SRR structure contains two concentric metallic split rings fabricated on the top of the printed circuit board as shown in Figure 1 (a), while in BC-SRR, outer ring printed on top side and inner ring on the bottom side of the dielectric board as shown in Figure 1 (b) [3] .
The device conducts as an LC circuit driven by external electromotive force. The frequency of resonance is given by
where C pul is the capacitance per unit length, L the total inductance of the SRR, and r 0 the mean radius of the SRR. In the EC-SRR, the particle induces a strong magnetic dipole, a strong electric dipole and a strong polarizability near its resonance. The governing equations for the EC-SRR are as follows [3] :
where m and P are the magnetic and electric induced dipoles, and B ext and E ext are the external fields and α polarizabilities. From Equation (2), the EC-SRR has the possibility of cross polarization and bianisotrophy effects. Bianisotrophy effect is due to the existence of magnetoelectric coupling in the artificial constituents, which can be eliminated in the BC-SRR. For BC-SRR, the governing equations are as follows:
The utility of these structures in antenna design comprises electrically small multi-band antennas [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , which results in good impedance matching, gain and bandwidth enhancement [16] [17] [18] . Typical microstrips, flanges, strips and patches use semi analytical methods [23] [24] [25] [26] [27] [28] [29] .
In this paper, the design, fabrication and characterization of a new compact coplanar waveguide (CPW) fed BC-SRR to achieve a dual-band antenna is explored. This structure consists of an outer ring of SRR on the top side and the inner ring of SRR on the bottom side. The proposed antenna is designed and optimized by using commercial finite-element package Ansoft HFSS version 13 and evaluated by microwave measurements.
ANTENNA DESIGN
The geometries of the proposed CPW-fed antenna's top and bottom views are shown in Figures 2(a) and (b). Figure 2 (c) shows the perspective view of the proposed BC-SRR antenna. A BC-SRR resonant structure is introduced as the radiating element to produce a resonance. The proposed antenna is fabricated on a 31 × 25 × 1.6 mm 3 FR-4 epoxy substrate with a relative dielectric constant (ε r ) of 4.4 and loss tangent of 0.002. The antenna is fed by a CPW transmission line. Table 1 illustrates the dimensions of the proposed antenna. The prototype of the proposed antenna is fabricated and shown in Figure 3 .
The parametric analysis comparison between simulated return loss characteristics of BC-SRR and EC-SRR of the proposed antenna is shown in Figure 4 . It clearly shows that there is no significant resonance for the desired frequency band in EC-SRR configuration, but BC-SRR offers optimum dual The physical parameters of the ground plane width (W g ) and split gap (g) of the SRR are varied to obtain resonance at 3.52 GHz and 5.93 GHz. There is significant improvement by varying the height of the ground plane, and optimum frequency is observed for W g = 10 mm, which is shown in Figure 5 . The parametric analysis of split gap width is wide-ranging from 0.5 mm to 1.5 mm. The optimum resonance is obtained at 5.93 GHz with the split gap of 1 mm as shown in Figure 6 .
The antenna's resonant modes are effectively understood by the simulated surface current distribution as shown in Figures 7(a) and (b) , respectively. At 3.52 GHz, current distribution is primarily found in the feed line and periphery of the outer SRR's ring. The maximum current density is observed around the BC-SRR at the resonance frequency 5.93 GHz.
EXTRACTION OF NEGATIVE PERMEABLITY
The proposed BC-SRR is evaluated by the reflection coefficient (S 11 ) and transmission coefficient (S 21 ) to obtain negative permeability characteristics [19] . The parameter retrieval procedure for BC-SRR based on Nicholson-Ross-Weir (NRW) method is shown in Figure 8 , which depicts the waveguide setup to extract the S 11 and S 21 parameters to obtain negative permeability characteristics.
The BC-SRR is excited by two lumped ports along the Y -axis, a Perfect Electric Conductor (PEC) along the X-axis and a Perfect Magnetic Conductor (PMC) along the Z-axis. MATLAB code is written for mathematical Equation (8) [20, 21] . Next, the permeability is calculated by,
where
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The S 11 and S 21 parameters are graphically shown in Figure 9 (a). It shows the stopband characteristics of the BC-SRR at 5.8 GHz, where the reflection coefficient (S 11 ) is almost 0 dB, and the transmission coefficient (S 21 ) is at −35 dB. Similarly, the passband is inferred at 5.93 GHz. Thus, it is accountable for achieving new resonance around 5.93 GHz. The negative permeability (μ) of BC-SRR is obtained at 5.8 GHz as depicted in Figure 9 (b). Table 2 illustrates the comparison between the proposed antenna and the antennas listed in the reference in terms of shape, length and width along with the metamaterial property & quasi static analysis verification. It is observed that the proposed antenna has compact size.
QUASI STATIC ANALYSIS
Split gap is one of the core parameters of the SRR. If the split is removed, the BC-SRR will not produce any resonance frequency. Inductance of BC-SRR is due to the metallic strip and the capacitance due to Figure 10 . The equivalent circuit model of a proposed CPW-fed BC-SRR antenna.
the slot between the metallic strips. Application of Babinet principle leads to the Split Ring Resonator (SRR), and the CSRR is manipulated by the same expression. Analytical equivalent circuit model is shown in Figure 10 . The steps to find the resonant frequency of the BC-SRR is as follows [22] . The expression of the inductance (L BC-SRR ) is given by,
is the filling ratio, μ 0 the vacuum permeability, L o the side length of the external ring, w the width of the strips, and s the separation between two adjacent strips then,
The expression for capacitance (C EC-SRR ) is given by,
where N is the number of rings and C 0 the capacitance per unit length which is given as,
where ε 0 is the vacuum permittivity, K the complex elliptic integral of first kind, and k = s/(s + 2w). Finally, the frequency of resonance is given by,
The 
RESULTS AND DISCUSSION
The final design is fabricated as shown in Figure 3 . The return loss characteristics are measured using the ENA series E5071C Vector Network Analyzer (VNA), shown in Figure 11 . Figure 12 depicts The radiation pattern of the antenna is determined by keeping the antenna in an anechoic chamber. Figures 13(a) and (b) illustrate the simulated and measured co-polarization radiation patterns at 3.42 GHz and 6.07 GHz, respectively. It is obvious that the measured radiation pattern shows a dipole like radiation pattern in the E-plane and omnidirectional radiation pattern in the H-plane.
(a) (b) Figure 13 . Simulated and measured E-plane and H-plane radiation patterns at (a) 3.42 GHz, (b) 6.07 GHz.
CONCLUSION
A novel broadside coupled split ring resonator inspired coplanar waveguide fed dual-band antenna with compact dimensions of 31 × 25 × 1.6 mm 3 for WiMAX and WAVE applications is presented. The parameters of split gap, ground width and BC-SRR model are parameterized to obtain optimum resonance. The negative permeability characteristics are also studied. The proposed antenna can be useful for WiMAX and WAVE applications. Hence, a BC-SRR loaded coplanar waveguide fed dual-band antenna is simulated, fabricated and agreed with experimental design. Good impedance matching and radiation characteristics are experiential for the operating bands. Moreover, electrically small size and low cost make the antenna ideally applicable to present and future wireless communication devices.
